Mountain pine beetle (MPB) outbreaks within the previous 10-15 years have affected millions of hectares of lodgepole pine forests in western North America. Concerns about the influence of recent tree mortality on changes in fire behaviour amongst firefighters and fire managers have led researchers to attempt to quantify the effects on crown fire potential. In this paper we provide an up-to-date review and critique of research that has endeavoured to quantify the effect of recent MPB-caused tree mortality, during the red stage, on crown fire potential based upon quantitative descriptions of important crown and canopy fuel characteristics and simulation-based assessments of crown fire initiation and spread using operational and physics-based models. While significant progress has been made in characterizing the important variables affecting crown fire potential in recently attacked forests, we suggest that many of the conclusions drawn from simulation-based studies conducted to-date are suspect given the use of inappropriate and/or un-validated models. A systematic program of experimental burning, the monitoring and documentation of wildfires and prescribed fires, and better models of fuel moisture and fuel structure are urgently needed in order to properly assess crown fire potential in lodgepole pine forests recently attacked by the MPB.
Introduction
Lodgepole pine (Pinus contorta Dougl. var. latifolia Engelm.) forests in western North America have recently experienced widespread and severe tree mortality caused by mountain pine beetle (MPB) (Dendroctonus ponderosae Hopkins). High levels of tree mortality in susceptible stands occurred in British Columbia, Canada, during the early 2000s and more recently in the western US, affecting .7 million hectares (Meddens et al., 2012) . The warming observed during the last few decades has led some to suggest that climate change may be contributing to the current severity of MPB outbreaks and on-going range expansion to northern British Columbia and east into Alberta (Bentz et al., 2010; Safranyik et al., 2010) . While the majority of the tree mortality has passed its peak levels in western North America, there are concerns that the outbreak will continue to extend east across Canada and involve jack pine (P. banksiana Lamb.) forests (Cullingham et al., 2011) .
Given the current and potential future impacts of MPB-caused tree mortality on lodgepole pine forests, several studies have been undertaken to describe the changes in fuels and potential fire behaviour (e.g. Page and Jenkins, 2007a, b; Klutsch et al., 2009 Klutsch et al., , 2011 Simard et al., 2011; Schoennagel et al., 2012) . Reviews by Jenkins et al. (2008 Jenkins et al. ( , 2012 Jenkins et al. ( , 2014 and Hicke et al. (2012) have provided summaries of the applicable work related to MPB-caused tree mortality and its effect on fuels and potential fire behaviour through 30 -40 years post-outbreak. Among these review papers was a general view that a period of enhanced crown fire potential exists during the red stage while the dead or 'red' needles are retained within the canopy (Figure 1a,b) , generally considered to be a period of , 5 -10 years after the first successful attacks, but that current gaps in our understanding exist due to unknowns associated with red needle flammability and its effect on crown fire initiation and spread (Jenkins et al., 2008; Hicke et al., 2012) .
The above noted unknowns and confusion over terminology (i.e. risk vs hazard), coupled with the misapplication of operational fire behaviour models have led some (e.g. Simard et al., 2011; Black et al., 2013) to draw inappropriate conclusions Jolly et al., 2012a) . For example, Simard et al. (2011) and in turn Black et al. (2013) suggested on the basis of the results from their simulation modelling that there is not an increase in crown fire potential in recently attacked stands and therefore there is no need for management action to mitigate any potential dangers associated with wildfire. However, most observational evidence to-date does not support this assertion (e.g. Stiger and Infanger, 2011; Page et al., 2013a) . Additionally, there are other important implications of MPB-induced tree mortality on firefighter safety and suppression tactics, including, safety zone size, escape route designation and escape time, and overall suppression strategy that have significant consequences for wildland fire personnel (Page et al., 2013a) . Fortunately, fire management organizations in British Columbia and the western US have recognized the safety implications of recent MPB-related tree mortality on fire behaviour and have circulated safety bulletins to address potential concerns (e.g. National Interagency Fire Center, 2011). Given the importance and timeliness of this topic, it is imperative that additional clarity be brought to bear on the subject based on new research and the reinterpretation of important concepts and assumptions regarding wildland fire behaviour modelling. This paper constitutes a digest and critical analysis of the pertinent literature dealing with crown fire potential in lodgepole pine forests recently attacked by the MPB. A discussion of the important surface, crown and canopy fuel characteristics altered by MPB attack that may affect crown fire potential during the red stage are presented ( Figure 2 ) along with the results of fire behaviour simulation studies focussing on crown fire initiation and spread conducted using both operational and physics-based fire behaviour models. The limitations of simulation-based studies are described in detail and the complications associated with variable tree mortality through time are characterized in terms of predicted fire behaviour. In addition, results from experimental fires conducted at the single tree and stand levels are reviewed as well as wildfire behaviour observations made by firefighters and fire managers in recently attacked stands. We conclude with a discussion of future research needed to improve the robustness of crown fire assessments in lodgepole pine forests recently attacked by the MPB.
MPB effects on surface fuels
The amount and distribution of surface fuel and its effect on fireline intensity has important implications on the development and spread of crown fires (Van Wagner, 1977) . Therefore, it is important that we highlight the relevant information concerning the changes to surface fuels in recently attacked lodgepole pine forests. Other more detailed discussions of the changes to surface fuels caused by MPB attack are presented elsewhere (see Jenkins et al., 2008; .
Unattacked lodgepole pine stands generally have sparse surface fuels, but loadings can be highly variable with mean fine fuel loads (i.e. litter and dead wood ,0.64 cm in diameter) reported to be between 0.09 and 0.27 kg m 22 in the northern Rockies (Brown and Bevins, 1986) and 0.03-0.15 kg m 22 along the CO Front Range (Alexander, 1979) . In recently attacked, MPB-affected lodgepole pine stands, mean fine surface fuel loads, assuming a litter bulk density of 10 kg m 23 (Brown, 1981) , have been observed to range from 0.17 kg m 22 in CO (Klutsch et al., 2009) , 0.4 kg m 22 in WY (Simard et al., 2011) , 0.46 kg m 22 in CO and southern WY (Schoennagel et al., 2012) , 0.63 kg m 22 in Utah, and 0.8 kg m 22 in ID (Page and Jenkins, 2007a) . Compared with similar unattacked stands, a significant increase in litter depth was observed in the recently attacked stands in each of the studies noted above as well as an increase in dead woody fuel ,0.64 cm in diameter by Page and Jenkins (2007a) . The increase in fine woody fuel is related to the decay and deterioration of attacked trees and the resulting transfer of crown foliage and small branch material to the surface. However, depending upon decay rate, fine fuel accumulation may be limited to a relatively small window within a few years of mortality (Simard et al., 2012) . Crown fire potential in lodgepole pine forests Overstorey tree mortality not only results in a pulse of needle litter and small diameter woody fuels to the forest floor during the red stage of MPB attack, but there is also the potential for a release of shrubs and herbaceous material due to an increase in available resources caused by tree death. Most research suggests that the release of shrubs and herbs in MPB-attacked forests does not occur until the grey or post-epidemic stages of attack (Page and Jenkins, 2007a; Simard et al., 2011) , but depending upon the length of the outbreak, an increase in the abundance of grasses is possible and has been noted by fire managers in MPB-attacked forests in CO, US (Page et al., 2013a) . Jenkins et al. (2008; and Hicke et al. (2012) have provided comprehensive summaries of some of the important canopy fuel properties altered by MPB-induced tree mortality. Additional research has been conducted since those reviews that directly address some of the gaps in knowledge noted by Hicke et al. (2012) that relates to the characteristics of foliage on MPB-attacked trees that have important implications on crown fire development and spread.
MPB effects on crown and canopy fuel properties

Seasonal changes in foliar moisture content and chemical composition
Quantitative descriptions of the seasonal changes in foliar moisture content (FMC, percent oven-dry weight), chemistry, and resulting flammability have been undertaken for MPB-affected tree foliage by Jolly et al. (2012b) in CO and MT and Page et al. (2012) in ID. It was found that after 12 -15 months following attack, green unattacked foliage transitioned to red with a nearly 10-fold decrease in moisture content ( Figure 3 ). Simultaneously, the chemistry of attacked tree foliage underwent substantial changes with decreases in the proportion of soluble carbohydrates and crude fat and increases in the proportion of structural compounds such as lignin and cellulose (Jolly et al., 2012b; Page et al., 2012) . Terpenoids, which are highly flammable compounds and include isoprenes, monoterpenes and sesquiterpenes, were also found to be emitted at higher rates in recently attacked foliage, still present in red foliage, and correlated with needle flammability (Amin et al., 2012; Page et al., 2012) . The net result of the observed changes in moisture content and chemistry was a substantial increase in flammability, specifically ignitability, due primarily to the decrease in moisture content.
Diurnal changes in FMC
In addition to the seasonal variation in moisture content of MPB-attacked tree foliage, short-term (i.e. hourly) fluctuations caused by changes in weather have recently been studied. Page et al. (2013b) demonstrated that the average moisture content of needles on lodgepole pine during the red stage of MPB attack was close to 10 percent and displayed little variability across ranges in air temperature and relative humidity common during dry, summertime conditions. Previous research has assumed that red needle FMC responded to changes in air temperature and relative humidity similarly to other fine dead surface fuels with a strong diurnal response (i.e. Simard et al., 2011; Hoffman et al., 2012; Schoennagel et al., 2012) . Based on the results of a bookkeeping-system type model with fuel moisture time-lags Forestry exceeding 20 h during both adsorption and desorption phases it was suggested that longer-term (days to weeks) weather conditions have more of an effect on red needle FMC rather than short-term fluctuations in air temperature and relative humidity (Page et al., 2013b) .
Canopy needle retention
To our knowledge there have been no published studies which have quantified the rate of needle drop in MPB-affected lodgepole pine tree crowns even though needle retention is key to understanding the duration and severity of impact on crown fire behaviour (Simard et al., 2012) . Based on field guides using rough approximations, needles are thought to be retained in crowns for up to 3 years after attack (British Columbia Ministry of Forests, 1995) . While published studies of needle drop rates for MPB-attacked stands are non-existent, there have been several needle retention studies undertaken in short-needled pine logging slash. Salazar and Bevins (1984) presented species-specific equations used to predict needle retention over time based on summaries of previous work. In addition, McRae et al. (1979) provided estimates of needle retention for jack pine logging slash (Figure 4) , which is physiologically similar to lodgepole pine (Farrar, 1995) . These estimates are likely on the high end of what would be expected in MPB-affected tree crowns due to the crowns constant exposure to wind but do confirm that the majority of the needles are retained for a 3 -4-year period.
Changes to canopy fuel stratum characteristics MPB-caused tree mortality usually occurs over the course of several years, which leads to heterogeneous stand canopies with individual tree crowns (Figure 1a ,b) in a variety of physical and chemical conditions (Jenkins et al., 2008; Jolly et al., 2012b; Page et al., 2012) . Trees attacked in the previous year (yellow) or two or more years previously (red) occur with unattacked green tree crowns in relative proportions dependent upon the yearly and total amount of mortality, the duration of the outbreak, and the individual stand characteristics.
Most of the quantitative-based studies of MPB-related tree mortality on canopy fuel characteristics have found that the canopy bulk densities (CBD, kg m 23 ) in recently attacked stands are lower compared with similar, unattacked stands (Klutsch et al., 2011; Simard et al., 2011; Schoennagel et al., 2012) . Even with the effects of needle drop in recently attacked red stage stands, the proportion of red foliage in the canopy can still be significant and can occur with a high proportion of attacked trees containing the majority of needles within their crowns ( Figure 5 ). For example, during the 2004 fire season, Page and Jenkins (2007a) found that in recently attacked stands on the Sawtooth National Recreation Area (SNRA) in central ID, US, 30 percent of the total foliage in sampled stands was red and that .35 percent of those attacked trees had .50 percent of their needles present. MPB populations in the lodgepole pine stands on the SNRA were declining during the period of sampling, suggesting that a high level of needle retention is possible even at the end of an outbreak.
In addition to the changes to foliage, it has been noted that the small diameter dead twig material within the crowns of red trees also has low moisture contents, with a seasonal mean of 15 percent which was only slightly higher than the mean reported for red foliage of 13 percent . Typically, much of this twig material is not consumed during crown fires in healthy forests, but the dramatic decrease in moisture content could potentially make more of the twig material available for combustion during the active flaming phase of a crown fire, thereby adding mass to the available canopy fuel load. Therefore, the loading of canopy fuel available to crowning within red stage lodgepole pine forests is a function of both the mass of foliage within the canopy and the mass of small diameter twig material that can be consumed during crowning, which has not adequately been incorporated into any previous canopy fuel descriptions.
Crown fire initiation in recently attacked lodgepole pine forests
Most of the current published research on fire behaviour potential in recently attacked, MPB-infested lodgepole pine forests has been carried out using fire behaviour modelling systems developed in the US. Thus, the focus of the discussion will be within the context of these systems and their underlying models.
Current fire behaviour predictive models and known limitations
Crown fire initiation in conifer forests is dependent upon several characteristics of the canopy fuel layer and surface fire behaviour. The surface fire characteristic deemed most important to crown fire initiation is Byram's (1959) fireline intensity, defined as the rate of heat released from a linear segment of the fire perimeter (kW m 21 ), calculated as the product of the low heat of combustion (kJ kg 21 ), the fuel consumed in the active flame front (kg m 22 ), and the linear rate of fire spread (m s 21 ) (Alexander, 1982) . Fireline intensity takes into account the combined physical characteristics of the fuel complex and the effects of long-and short-term weather on fuel dryness, wind speed and slope steepness on surface fire behaviour (Alexander and Cruz, 2012) . All of the fire behaviour modelling systems developed in the US use Rothermel's (1972) surface fire spread model to estimate fireline intensity, Crown fire potential in lodgepole pine forests which has been shown to under-predict the fire spread rate and fireline intensity in surface fuel beds composed of needle litter (Cruz and Alexander, 2010) . The under-prediction bias is related to the under-estimation of flame front residence time using Anderson's (1969) model combined with Rothermel's (1972) reaction intensity and the general under-prediction of rate of fire spread in timber dominated fuel types, including lodgepole pine (Lawson, 1972) , which is thought to be due to the model's sensitivity to the compactness of horizontally oriented fuel beds (Cruz and Fernandes, 2008; Cruz and Alexander, 2010) .
Van Wagner (1977) developed a simple model to determine the critical fireline intensity value needed to initiate crowning in a conifer forest based on two canopy fuel properties, namely canopy base height (CBH) and FMC. Embedded within Van Wagner's (1977) simple model is an empirical constant of 'complex dimensions' as determined by a single-experimental fire conducted in a red pine (P. resinosa Aiton) plantation with a FMC of 100 percent and a CBH of 6.0 m (Alexander and Cruz, 2011) . When the relationship is linked with Rothermel's (1972) surface fire spread model in the context of the US fire behaviour modelling systems, an under-prediction bias in the onset of crowning has been identified (Cruz and Alexander, 2010) .
Interpretation and limitations of current research
Due to the limitations associated with the current US fire behaviour modelling systems, in terms of accurately quantifying crown fire initiation, some researchers have relied upon qualitative assessments based on logical reasoning and the observed and predicted changes to important surface, crown, and canopy fuels measured in the field as described in the previous sections. For example, the well-established relationship between moisture content and leaf flammability (e.g. Pompe and Vines, 1966; Dimitrakopoulos and Papaioannou, 2001) has been used to suggest that the presence of 'dead and red' trees might more easily facilitate the transition of a surface fire to a crown fire, especially where the combination of CBH and/or surface fireline intensity would otherwise limit crown fire initiation (Schmid and Amman, 1992; Page and Jenkins, 2007b; Jenkins et al., 2008) . These predictions were based on assumed decreases in moisture content during the red stage of MPB attack, the significant proportion of canopy fuel composed of the dead or 'red' foliage, and the increase in surface fire behaviour predicted to occur from higher fine fuel loads and increases in within-stand wind speeds (Page and Jenkins, 2007b; Jolly et al., 2012b; Page et al., 2012) .
Even with the known limitations of current fire behaviour models, some researchers have still attempted to quantify crown fire initiation in recently attacked stands (e.g. Simard et al., 2011; Schoennagel et al., 2012) . Using the NEXUS fire behaviour modelling system (Scott and Reinhardt, 2001) , it was suggested that that Torching Index (6.1-m open wind speed required to initiate crowning) exceeded 500 km h 21 in both unattacked and recently attacked lodgepole pine stands in WY, US, with a mean CBH of 3.1 m (Simard et al., 2011) . Clearly those values are unrealistic as crown fires are regularly known to occur in similar forests under much lower wind speeds (e.g. Thomas, 1991; Renkin and Despain, 1992) and reflect the problems associated with current operational fire behaviour models. Using the BehavePlus fire behaviour modelling system (Andrews et al., 2008) , another attempt at simulating crown fire initiation in recently attacked stands (Schoennagel et al., 2012) found that the critical surface fireline intensity needed to initiate crowning was significantly lower in red stage stands than green or unattacked stands, however evidence of an underprediction bias was still present with 6.1-m open wind speeds in Figure 5 Summary of red and green foliage fuel loads in recently attacked MPB-infested lodgepole pine stands sampled in Utah on the Wasatch-Cache National Forest and on the SNRA in ID by Page and Jenkins (2007a) , and in CO by Schoennagel et al. (2012) . The proportion of attacked trees within crown bulk density categories sampled by Page and Jenkins (2007a) is also shown for the stands in Utah and ID.
Forestry excess of 50 km h 21 needed to initiate crowning under very dry fuel conditions and with a mean canopy base height of 4 m.
Despite the widespread use of Van Wagner's (1977) relationship for the onset of crowning, its empirical proportionality constant is in fact specific to the set of fire environment conditions associated with an experimental fire in a red pine plantation from which it was derived (Alexander and Cruz, 2011; Jenkins et al., 2012) . Thus, when applying the relationship to MPB-attacked lodgepole pine stands the empirical constant undoubtedly needs to be readjusted using experimental fire observations if, for example, it deviates widely from the original derivation (Cruz and Alexander, 2010) . Such observations are difficult to come by as most have been qualitative in nature or were not set up to quantify the critical point of transition. For example, in MPB-attacked lodgepole pine forests in ID, MT and OR, wildland fire personnel have observed, but not quantitatively documented, more prolific spotting, an increased tendency for surface fires to transition to crown fires, and increases in resistance to control (Church et al., 2011; Stiger and Infanger, 2011) .
However, in more quantitatively based field observations related to the potential for crown fire initiation, Rocca (2010) reported on individual tree torching tests involving 17 unattacked and recently attacked trees in Rocky Mountain National Park in north-central CO using a propane torch applied to the base of tree crowns (Figure 1c) . The red trees were tested with four categories: mixed with green needles (100 percent needles remaining) and 40 -59, 60 -79 and 80 -100 percent needles remaining. They found that crown flammability was higher in red trees with successful crown ignition in trees having .60 percent of their needles remaining and that there was no ignition in green tree crowns or red crowns having ,60 percent of their needles remaining. They concluded that there was an increase in fire risk immediately following an outbreak but that it may be short-lived due to needle drop.
Given the current limitations of operational fire behaviour models and limited observations in the field, it is critical that more quantitative field-based assessments of crown fire initiation be attempted. The evidence to-date still clearly suggests that crown fires are more likely to initiate in recently attacked lodgepole pine forests during the red stage compared with unattacked forests but we will be unable to accurately define the point of transition until either new models are developed or a proportionality constant applicable to dead canopy fuels is defined for Van Wagner's (1977) model for crown fire initiation. The observations should focus on the range of CBHs and surface fire intensities where an effect is most likely to be detected. When Van Wagner's (1977) model for crown fire initiation is applied to normal and worst-case scenarios of FMC, the range of fireline intensities and CBHs where MPB mortality may have the most effect on crown fire initiation can be displayed graphically ( Figure 6 ). According to the predictions from Van Wagner's (1977) model, stands with low CBHs (especially ,2.0 m) are susceptible to the onset of crowning regardless of the level of MPB-related tree mortality, while stands with relatively high CBHs are more vulnerable to changes in crown fire initiation due to the presence of recent MPB-related tree mortality. Thus, future experimental fires and/or wildfire observations looking to detect an effect of recent mortality on crown fire initiation should focus on stands with relatively high canopy base heights (i.e. .4 -6 m) and weather conditions that produce surface fireline intensities , 5000 kW m 21 for a given set of surface fuel conditions.
Crown fire spread in recently attacked lodgepole pine forests
Models that have been used to-date for simulating crown fire spread rate, fuel consumption, and intensity in lodgepole pine forests recently attacked by the MPB can be considered as reflecting the 'two solitudes' to forest fire behaviour research as described by Van Wagner (1971) . The empirical or semi-empirical approach is based on the analysis of observational data gathered from the laboratory or the field (i.e. experimental and/or wildfires) to produce either statistical models incorporating the significant drivers of fire propagation, supplemented by simple theory (e.g. Forestry Canada Fire Danger Group, 1992), or fit into a framework based on physical theory (e.g. Rothermel, 1972) . The physics-based approach to fire behaviour model development makes use of advances in computational power to solve the fundamental equations of mass, momentum and energy for spreading wildland fires (Sullivan, 2009 ).
Current fire behaviour models and known limitations
The empirically-based models used in the US that have been most often used to quantify crown fire rate of spread in MPB-attacked forests are based on the active crown fire propagation threshold described by Van Wagner (1977) and the active crown fire rate of spread model as described by Rothermel (1991) . Crown fire propagation is normally classified on the basis of the dependence upon the surface fire, i.e. either passive or active (Van Wagner, 1977) . A passive crown fire is expected to occur when CBH and FMC are sufficiently low for a surface fire of given intensity to ignite the foliage but the final spread rate is below the minimum threshold needed to sustain active crowning for a given amount of fuel in the canopy layer. Van Wagner (1977) proposed a simple model for determining this minimum threshold for active crowning based upon the amount of available canopy fuel divided by the depth of the canopy layer (i.e. the CBD), and the minimum mass flow rate needed to sustain active crowning. Van Wagner (1977) assumed a minimum mass flow rate of 0.05 kg m 22 s 21 based on fire behaviour observations in red pine plantations with FMC values between 95 and 135 percent. An active crown fire is expected to occur when both the surface fireline intensity is above the critical threshold needed to initiate crowning and CBD is high enough to sustain crowning for a given rate of fire spread. In live and healthy conifer stands, a CBD above 0.1 kg m 23 is generally considered as the minimum for active crown fire spread (Agee, 1996; Cruz et al., 2005; Alexander and Cruz, 2011) .
In US fire behaviour modelling systems, once the critical intensity needed for crown fire initiation has been met, Van Wagner's (1977) active crown fire propagation threshold is evaluated to determine the type of crown fire, (i.e. either passive or active). If the minimum conditions of rate of spread and CBD have been met then Rothermel's (1991) model is used to predict the active crown fire rate of spread. A significant under-prediction bias has been detected on the basis of comparing model predictions to observations of experimental and wildfires in conifer forests (Cruz et al., 2005; Alexander and Cruz, 2006; Cruz and Alexander, 2010) . Possible reasons for the bias include the dependence of the model on the fire behaviour fuel model 10 (Anderson, 1982) , the use of only seven fires to develop the statistical correlation, and the model's low sensitivity to changes in wind speed (Cruz and Alexander, 2010 ).
Crown fire potential in lodgepole pine forests
The primary physics-based fire behaviour model that has been applied in MPB-attacked forests is the Wildland -urban interface Fire Dynamics Simulator (WFDS) (Mell et al., 2007) . Additionally, FIRETEC (Linn et al., 2002) , another physics-based fire behaviour model, has been used to simulate fire spread in pinyon -juniper (Pinus edulis -Juniperus spp.) woodlands affected by the pinyon ips (Ips confuses LeConte) (Linn et al., 2013) . Both models attempt to simulate interactions between the atmosphere, fuel and fire using three-dimensional, time-dependent grids where the physical mechanisms of heat and mass transfer are solved. The popularity of the models among fire researchers appears to be increasing because of their perceived ability to simulate fire spread through non-homogenous fuel complexes. This is despite the fact that very little has been done to validate the outputs, particularly in conifer forest stands where surface fuels are dominated by litter and dead woody material, and where a distinct gap exists between surface and canopy fuels. This lack of evaluation with respect to model performance in conifer forests brings into question the accuracy of the outputs obtained and the robustness of the resulting conclusions (Alexander and Cruz, 2013a ).
Interpretation and limitations of current research
There is currently widespread agreement among researchers that once the majority of the needles have dropped from the crowns and the stand has entered the grey stage of MPB attack, active crown fire potential substantially decreases (Jenkins et al., 2008; Hicke et al., 2012) ,although not necessarily fire behaviour potential in general , based on observations of several well-documented wildfires (Stiger and Infanger, 2011; D.T. Hicks, British Columbia Forests, Lands and Natural Resources Operations, personal communication, 2013) . There is, however, disagreement regarding the assessment of active crown fire spread during the red stage, as both highly flammable foliage is present but is also being lost from the canopy fuel layer as the time since the outbreak began increases. Nevertheless, this disagreement should not underestimate the importance and likelihood of high-intensity, passive crown fires and profuse, short-and medium-range spotting throughout the period of needle fall in red stage forests Page et al., 2013a) .
The mixture of crowns in various conditions or attack stages, the gradual loss of foliage, and the site-specific characteristics of both the affected stand and adjacent stands results in highly complex Figure 6 Graphical representation of Van Wagner's (1977) crown fire initiation relationship with demarcation of the critical intensities obtained at FMCs of 10% and 100% and canopy base heights between 0 and 10 m. The FMC of 100% represents the common value assumed to represent live, healthy conifer stands during the fire season (Keyes, 2006) and the 10% represents a low FMC expected in recently attacked MPB-affected stands with near complete mortality (Page et al., 2013b) . The three designated zones correspond to the range of fireline intensities and canopy base heights where crown fire initiation is expected within both healthy, unattacked stands and recently attacked stands (Crown fire -All), where crown fire initiation may occur in recently attacked stands but not in unattacked stands (Crown fire -Red), and where crown fire initiation is unlikely (Surface fire -All). Fireline intensities were calculated as the product of rate of spread and fuel consumption as per Byram (1959) , assuming a net heat of combustion of 18 000 kJ kg 21 (Stocks et al., 2004b) . The fireline intensity can be obtained by noting the intersection between the appropriate rate of spread and fuel consumption lines and reading the y-axis. Sample calculation: given a fine surface fuel load of 0.6 kg m 22 , a rate of spread of 10 m min 21 , and a canopy base height of 6 m, the estimated fireline intensity would be noted by reading the y-axis where the appropriate fuel consumption and rate of spread lines meet, which in this case would be 1800 kW m 21 . Then to determine the possible influence of recent tree mortality on crown fire initiation, note where the 1800 kW m 21 and 6 m canopy base height (located on top of graph) lines intersect. In this case they intersect in the Crown fire -Red zone, which indicates that conditions are such that a transition to crowning caused by the presence of recently killed trees is possible when such a transition would otherwise be unlikely if the stand contained only live and healthy foliage.
Forestry spatial arrangements that may have important but as yet unknown implications on crown fire spread. For example, the high ignitability of red trees increases the likelihood of torching, which when considered with their spatial relationship to other trees may facilitate the ignition of adjacent tree crowns. Bark beetle-caused tree mortality has been shown to display clustering (e.g. Rossi et al., 2009) , especially during the early stages of an outbreak when large trees are preferentially attacked (Cole and Amman, 1969) . The transitions from unattacked to red attack patches or stands, depending upon the scale of interest, are especially important as a shift to crowning can, at the very minimum, double the rate of fire spread and fireline intensity (Alexander and Cruz, 2011) . The often dramatic and unanticipated changes in fire behaviour that occur as a fire burns from one fuel type to another has been recognized as a key element affecting firefighter safety (Bachop, 1998; Bishop, 2007) . Thus, complex interactions among beetle epidemiology such as the yearly, total amount and distribution of mortality and foliage flammability exist.
The two primary studies that have attempted to quantify crown fire spread in recently attacked, MPB-infested lodgepole pine stands using US fire behaviour modelling systems came to opposite conclusions. In red stage stands in north-western WY, US, there was a predicted decrease in active crown fire potential due to the loss of canopy fuel (Simard et al., 2011) while in similar stands in CO, US, there was an increase in active crown fire potential (Schoennagel et al., 2012) . Both conclusions are suspect given the limitations of the underlying operational fire behaviour models used in these studies. It is unknown whether Van Wagner's (1977) criteria for active crowning and its assumed minimum mass flow rate of 0.05 kg m 22 s 21 based on fire behaviour observations in red pine plantations containing live foliage is pertinent to stands where the canopy contains significant amounts of dead foliage. Van Wagner's (1977) criterion was shown to be reliable in defining the transition from passive to active crowning in live conifer stands (Cruz et al., 2005; Cruz and Alexander, 2010) , but it has yet to be evaluated in stands containing significant amounts of dead foliage.
In an attempt to incorporate the potentially important contribution of the dead foliage on recently attacked trees to crown fire rate of spread, Moran and Cochrane (2012) suggested the use of Van Wagner's (1989) foliar moisture effect (FME) function. Van Wagner (1989) proposed that crown fire rate of spread in live and healthy conifer forest stands is affected by FMC and in turn derived a theoretical function for adjusting the crown fire spread rate based on the average FMC of 97 percent for the experimental crown fires and crowning wildfires used in the development of the Canadian Forest Fire Behaviour Prediction (FBP) System (Forestry Canada Fire Danger Group, 1992; Taylor et al., 1997) . Based on the Simard et al. (2011) data, Moran and Cochrane (2012) used the function to demonstrate an under-prediction bias in active crown fire spread rate by a factor of 2, assuming a FMC of 63 percent. Alexander and Cruz (2013b) discussed in considerable depth the derivation and application of Van Wagner's (1989) FME function for adjusting crown fire rate of spread. They demonstrated that the function is unrealistically strong at the low FMCs found in the red stage of MPB-attack, showing that there would be a 10-fold increase in the predicted crown fire spread rate at a FMC of 5 percent. It is worth noting that Moran and Cochrane's (2012) use of the FME suggests that a drop in CBD and subsequent rise in the critical rate of spread needed for active crowning can be offset by a corresponding increase in the crown fire rate of spread. This however does not imply that the critical mass flow rate is less in stands with low FMC values as the flow rate is in fact independent of moisture content (Thomas, 1967; Van Wagner, 1977) . Rather, the net effect of a low FMC would be either no change or an increase in the fire's final rate of spread once the transition to crowning occurs. Indeed, if a FME does exist it could be on the order of two to three times greater than the no-tree mortality case (Alexander and Cruz, 2013b) .
The results of crown fire spread assessments using WFDS in MPB-attacked lodgepole pine stands during the red stage have been closer to expectations but the reliability of the results are still unknown. WFDS was used to examine the influence of recent MPB mortality on simulated fire behaviour in lodgepole pine stands using tree data collected from field sites in OR and ID, US (Hoffman et al., 2012; 2013) . Hoffman et al. (2012) simulated surface fireline intensity using a constant rate of spread of 6.0 m min 21 , with a flame front residence time of 25 s, a 6.1-m open wind speed of 7.2 km h 21 , and a surface fireline intensity of 625 kW m 21 . They found that as tree mortality increased there were increases in crown fuel consumption, fireline intensity, and that pre-outbreak stand structure was an important variable affecting the fireline intensity of crown fires. However, no evaluation was offered of the ability for WFDS to accurately predict either crown fuel consumption or fireline intensity of crown fires in conifer forest stands. Furthermore, the setting of all the relevant surface fire behaviour characteristics as constants severely limited the usefulness of the stated purpose of a physics-based model like WFDS, which should be able to predict the full range of fire behaviour. Hoffman et al. (2013) also used WFDS to assess crown fuel consumption and a crown fire's fireline intensity in recently attacked MPB-infested stands across three different surface fireline intensity levels. The simulated fireline intensities ranged from 313 to 1250 kW m 21 , but the flame front residence time, rate of fire spread, and 6.1-m open wind speed were held constant. The results suggested that higher levels of tree mortality increased crown fuel consumption and the fireline intensity of crown fires, and that the increase was greatest under moderate surface fireline intensity values. Again, no empirical evidence of WFDS's ability to predict crown fuel consumption or intensity of crown fires in conifer forest stands in general was offered. While these results fit with expectations described by previous researchers (e.g. Jenkins et al., 2008) ,there are underlying concerns as to the reliability of the projections due to the use of an un-validated model and the assumption that the MPB-killed red trees retained all of their foliage at the time of the fire, when in fact, such a situation may be relatively rare (Simard et al., 2012) .
In spite of concerns about lack of evaluation of physics-based models and their use to simulate fire spread in complex fuel conditions affected by bark beetle outbreaks (Alexander and Cruz, 2013a) , they continue to be applied in similar situations. Linn et al. (2013) , for example, used FIRETEC to compare fire spread rates in pinyon -juniper woodlands following attack by the pinyon ips by simulating fire spread in unattacked, green or living stands, stands in which the moisture content of pinyon needles were lowered to 15 percent, and stands where the needles on the attacked pinyon trees were transferred to the ground. It was found that fire spread was 2 times faster in the simulation containing tree crowns with low moisture contents compared with Crown fire potential in lodgepole pine forests the green stands and that fire propagation was also enhanced where the needles were transferred to the ground due to increased wind penetration. Although no formal evaluation of the outputs was given, observations and data do exist for green stands (Hester, 1952; Bruner and Klebenow, 1979) to evaluate the model's performance in a semi-quantitative sense (e.g. wind speed threshold in a discontinuous fuel type).
Field observations of fire behaviour
As a result of the controversial nature of some of the conclusions drawn from the simulation-based assessments of crown fire potential in MPB-attacked forests, it is important to consider the fire behaviour observations and measurements made by wildland fire research and fire operations personnel in the field. Comparisons of the observed rates of spread with predictions made using the appropriate operational fire behaviour model, either the FBP System for Canadian wildland fires or the US fire behaviour modelling systems, are also mentioned where appropriate.
Experimental fires
The experimental fires conducted in spruce budworm-killed (Choristoneura fumiferana Clemens) balsam fir (Abies balsamea (L.) Mill.) forests in north-central Ontario, Canada, by Stocks (1987) constitute the only published field study of fire behaviour in a standing, dead conifer forest fuel complex. The results, which formed the basis, in part, for the M-3 (dead balsam fir mixedwood -leafless) and M-4 (dead balsam fir mixedwood -green) FBP System fuel types, provide a useful comparison of fire behaviour potential in insect-affected stands and may provide additional insights into potential fire behaviour in MPB-affected stands. The experimental fires conducted in the spring, soon after nearly complete tree mortality, displayed extensive crowning, high spread rates and prolific, short-range spotting, even under relatively mild burning conditions. As a wildland fire behaviour phenomena, spotting is a process not presently accounted for in either WFDS or FIRETEC but is indirectly incorporated into Rothermel's (1991) active crown fire rate of spread model and the FBP system. Stocks (1987) showed that fire behaviour potential in the affected balsam fir stands peaked 5 -8 years after mortality due to a combination of crown breakage and windthrow, and gradually decreased as surface fuels decomposed and understorey shrub cover increased. Using fuel type M-3 as a surrogate for recently attacked-MPB stands and the FBP System fuel type C-3 (mature jack or lodgepole pine) to represent the live and healthy forest stand, Alexander and Cruz (2013b) computed the continuous ratio in the predicted spread rates between the two, finding that the former fuel type would have a rate of fire spread 2.5 -3.6 times greater.
In August 2006, two experimental fires were conducted at the Carrott Lake experimental fire study area in north-central British Columbia, Canada (Table 1) , in a mature lodgepole pine stand attacked by the MPB mostly during the period from 2002 to 2004 (Figure 1d) . The goal of the project was to quantitatively assess the impact of MPB-related tree mortality on fire behaviour (Lavoie and Taylor, 2007) . The two plots burned were entering the grey stage of MPB attack with most of the successfully attacked lodgepole pine trees having lost the majority of their needles (Table 1 ). Observed fire behaviour within the plots was primarily a surface fire with observed head fire spread rates similar to predictions made using the FBP System C-3 fuel type, which were 1.2 m min 21 for Plot 1 and 2.4 m min 21 for Plot 3 (Table 1) . Due to the rapidly changing nature of the fuel complex and the difficulty of trying to burn during prescribed fire weather conditions, no further burning was done in any plots while they were in the red stage.
In an attempt to better understand the impacts of recent MPB-related tree mortality on fire behaviour, a series of experimental fires were conducted near Archer Lake in northeast Alberta, Canada, in July 2008 and July 2009 (Schroeder and Mooney, 2009 . MPB attack was simulated by girdling 90 percent of the overstorey jack pine trees in 2007 on plots 0.12 -4 ha in size. Fires were simultaneously ignited in simulated green-attack and red stage stands (Figure 1e ). The results of the green-attack experimental fires in 2008 were inconclusive due to the ignition techniques used and the observation of rapid crown fire development in both the control and girdled plots. The results of the 2009 fires indicated little to no difference in spread rates between the control and girdled plots, greater crown involvement in the girdled stands during the passive crown fire phase due to the low FMCs, and no difference in the fire danger rating threshold for crown involvement (Table 1) . Comparisons of the spread rates with the predictions from the FBP System indicated that spread rates were higher than predicted using the C-3 FBP System fuel type, but under the less severe fire weather conditions, the C-4 (immature jack or lodgepole pine) fuel type more closely matched observations for both the control and girdled plots (see Schroeder and Mooney, 2012) . Schroeder and Mooney (2012) suggested that the low crown bulk density of the red simulated attack trees decreased their effect on crown fire development in the attacked stands. The implications of these results on potential fire behaviour in MPB-attacked lodgepole pine stands are difficult to interpret due to limitations of the experimental fire design. Rarely in naturally attacked lodgepole pine stands would 90 percent of the tree mortality occur all within 1 year. It is also unknown how the rate of needle moisture loss and needle drop in girdled trees compares to MPB-attacked trees. In naturally attacked stands, tree mortality occurs over a period of several years producing stands with heterogeneous crown conditions resulting in more available crown fuel over a longer period of time than if all the tree mortality occurred during 1 year. Armitage (2004) reported on fire behaviour observations obtained from wildfires that burned through recently attacked lodgepole pine stands during the summer of 2004 in British Columbia (Figure 1g and Table 1 ). He noted that fire behaviour was more severe in recently attacked stands compared with unattacked stands, with increased probabilities of ignition, a lower surface fire intensity threshold to initiate crowning, and greater crown fuel consumption. Long distance spotting was also observed in affected stands under low wind conditions and red tree crowns proved to be receptive to spot fire development, which hampered fire suppression operations. Recommendations were that firefighter training should note the possibility of extreme fire behaviour and increased suppression difficulties in recently attacked stands even under less than extreme weather conditions and that bull-dozer line width should be increased in order to prevent radiant heat from igniting red crowns on the opposite side of the fireline. (Table 1) , burned through MPB-attacked lodgepole pine stands that contained significant amounts of red foliage, but were entering the grey stage of MPB attack (Figure 1f ). The fire started on 3 September and made major runs in MPB-attacked lodgepole pine stands on the fourth with reported 6.1 m-open wind speeds in excess of 40 km h 21 and near record dryness with 1000-h timelag fuel moistures (Deeming et al., 1977) of 7 percent (Table 1) . Intense crown fire behaviour coupled with long range spotting was observed in all lodgepole pine stands regardless of the level of tree mortality during the peak burning period in mid-to-lateafternoon. Due to the critical fire weather conditions at the time, differences in fire behaviour caused by the MPB-related tree mortality were difficult to detect (A. Norman, USDA Forest Service, personal communication, 2012). Comparison of the observed spread rate during the major runs of the Valley Road Fire with the predictions made by Simard et al. (2011) under their 'very dry' fuel moisture scenario, assuming a 6.1-m open wind speed of 40 km h 21 , indicates an under-prediction, with a predicted head fire spread rate of ,1.5 m min 21 compared with observed fire spread rates in excess of 20 m min 21 .
Wildfires
Forestry
Wildfires on the Salmon-Challis National Forest in central ID, US, during the 2011 fire season that were a part of the Saddle Complex, burned through recently attacked lodgepole pine stands in both the red and grey stages. In particular, the Salt Fire burned through recently attacked MPB-affected stands with between 30 and 70 percent tree mortality. On August 29, extreme fire behaviour was observed as an active crown fire entrapped a dozer operator and transport driver (Church et al., 2011) with an observed head fire spread rate estimated at 23-27 m min 21 (Table 1) . Church et al. (2011) reported in the fire behaviour forecast for the day, that the maximum predicted spread rate was 7 m min 21 based on the TU4 (dwarf conifer with understorey) surface fuel model of Scott and Burgan (2005) utilized by the fire behaviour analyst assigned to the incident. The maximum observed spread rate was 3.3 times higher than the predicted maximum spread rate for the day. Comparison of the maximum observed head fire spread rate with predictions made using the Rothermel (1991) active crown fire spread rate model indicates slight underprediction with a predicted spread rate of 17 m min 21 assuming a fine fuel moisture of 7 percent and a slope of 23 percent. The Cruz et al. (2005) active crown fire spread model predicts an active crown fire spread rate between 53 and 58 m min 21 , assuming a CBD of between 0.1 and 0.16 kg m 23 , which roughly corresponds to similar lodgepole pine stands in ID, US, with tree heights of 15 m (Page and Jenkins, 2007a) .
A quantitative-based assessment of fire behaviour in MPB-affected lodgepole pine forests in British Columbia has recently been undertaken by Perrakis et al. (2012) . Using photographs obtained from the provincial air attack program for free-burning wildfires during the years 2006-2010, an analysis of head fire rates of spread was attempted based on visual interpretation of the photographs taken by air attack officers and weather data gathered from the nearest weather station. This dataset was supplemented with observations from experimental fires (Lavoie and Taylor, 2007) and operational prescribed fires (Kubian, 2013) . At this time, their analysis has incorporated 14 observations of fire spread rates ranging from 1 to near 70 m min 21 and Initial Spread Index component values (Van Wagner, 1987) ranging from 5 to 23. Preliminary results of the analysis suggests that there is a 2.7 times increase in rate of spread in lodgepole pine stands 1-6 years after attack when compared with predictions based on FBP System fuel type C-3.
Conclusions
True insight into understanding and predicting the possible effects of recent MPB-caused tree mortality on surface and crown fire potential in lodgepole pine forests has so far proven to be largely an intractable problem. While significant progress has been made in recent years documenting the effects of MPB-related tree mortality on fuel complex structure as well as seasonal and diurnal fuel moistures, trying to accurately assess potential fire behaviour using either operational or physics-based fire behaviour models has proven problematic. Except for the recent development in British Columbia, Canada, with respect to a statistical model (Perrakis et al., 2012) , existing models tend to be either inappropriate and/or un-validated for use in MPB-attacked forests. Current operational fire behaviour models used in the US are not capable of addressing the complex spatial arrangements of crown fuels that occur in recently attacked stands. Physics-based models such as WFDS may in time serve to be useful research tools and aid in understanding the dynamic nature of fire behaviour, but until the limitations and sources of error are better understood, interpretations of the resulting simulations must be viewed with scepticism (Alexander and Cruz, 2013a) .
Observations from experimental fires and wildfires indicate that a real and considerable increase in crown fire potential exists in recently attacked stands with an increase in rate of spread on the order of 2 -3 times the no-tree mortality predictions. However, the amount of red foliage within the canopy has important implications on the duration of the increased crown fire hazard. Site-specific factors such as the total and yearly amount of tree mortality, the length of the outbreak, and the preexisting stand conditions could all be important factors that could affect the severity and duration of the crown fire hazard. Additional factors such as the juxtaposition of red and green crowns and the relative importance of needle drop and subsequent decreases in CBD vs the increased flammability of red foliage may be important to evaluating crown fire hazard but as yet are not fully understood.
Limitations in the ability to accurately assess crown fire potential in MPB-affected stands are likely to persist until accurate wildfire observations and/or experimental fires can be used to either validate current fire behaviour models or derive the needed empirical proportionality constants in Van Wagner's (1977) crown fire initiation and propagation models applicable to MPB-attacked stands. A program of experimental fires (Alexander and Quintilio, 1990; Stocks et al., 2004a) coupled with more systematic monitoring and documentation of wildfires (Alexander and Taylor, 2010) is needed in order to address these current shortcomings and gain insight into the underlying processes controlling fire behaviour in MPB fuel complexes. It is a shocking admission that the only empirical investigation of fire behaviour in live, lodgepole pine stands is limited to a single study, involving surface fires, carried out in British Columbia, Canada, 45 years ago (Lawson, 1972; 1973) . Additional information on the physical processes of foliage ignition and the relative effect of moisture content under varying heat fluxes will also aid in the development and modification of physics-based Forestry models that would greatly enhance our understanding of fire behaviour in these forest ecosystems (Mä kelä et al., 2000) .
As the number and size of MPB outbreaks in western North America declines, opportunities to conduct experimental fires and observe fire behaviour in recently attacked stands will decrease. Simulating MPB-attack, similar to Schroeder and Mooney (2009; , by girdling trees provides a potential way to extend the window of opportunity for experimental fires and to control for confounding factors. Investments in gathering and compiling fire behaviour data by fire management and fire research organizations will help provide a means to objectively assess fire behaviour potential in this unique fuel complex, which will increase the margin of safety for future wildland firefighters and aid in operational planning for fire managers. Meanwhile, wildland firefighters should continue to be vigilant in recently attacked MPB-affected lodgepole pine forests and follow the guidelines outlined in the fire environment factors listed in the 'Look Up, Down and Around' table for insect-killed forests found in the Incident Response Pocket Guide (National Wildfire Coordinating Group, 2010).
